ABSTRACT. The electrophoresis pattern of apoptotic cells detected by the comet assay has a characteristic small head and spread tail. Thi s image has been referred to as an apoptotic comet, but it has not been previously proven to be apoptotic cells by any direct method. In order to identify this image obtained by the comet assay as corresponding to an apoptotic cell, the frequency of appearance of apoptosis was examined using CHO-K1 and L5178Y cells which were exposed to gamma irradiation. As a method for detecting apoptosis, the terminal deoxynucleotidyl transferase mediated dUTP nick end labeling (TUNEL) assay was used. When the frequency of appearance of apoptotic cells following gamma irradiation was observed over a period of time, there was a significant increase in appearanc e of apoptosis when using the TUNEL assay. However, there was only a slight increase when using the comet assay. In order to verify th e low frequency of appearance of apoptosis when using the comet assay, we attempted to use the TUNEL assay to stain the apoptotic comets detected in the comet assay. The apoptotic comets were TUNEL positive and the normal comets were TUNEL negative. This indicate s that the apoptotic comets were formed from DNA fragments with 3'-hydroxy ends that are generated as cells undergo apoptosis. Th erefore, it was understood that the characteristic pattern of apoptotic comets detected by the comet assay corresponds to cells undergoing apoptosis.
Apoptosis is called programmed death and is controlled by the genetic mechanism [7] . Recent interest has focused not only on its role in tumor cell turnover and response to therapy, but also on its importance from a purely biological point.
Apoptosis leads to cytoskeletal disruption, cell shrinkage, membrane blebbing, and the disruption of deoxyribonucleic acid (DNA) into fragments, but does not lead to an inflammatory response in vivo [7] . One of the most characteristic biochemical phenomena of apoptosis is the fragmentation of DNA to 180-200 base-pairs (bp) by endonuclease acting in the linkage region between nucleosomes [22] . Because this DNA fragmentation produces a characteristic ladder pattern in agarose gel electrophoresis, this technique is used as an important standard indication of apoptosis. At present, enzymatic techniques are used for detecting DNA fragmentation at the individual cell level. The most common method is the terminal deoxynucleotidyl transferase mediated dUTP nick end labeling (TUNEL) assay [17, 32] . When apoptosis occurs, working endonuclease changes DNA into single strand breaks (ssbs) or double strand breaks (dsbs) with 3'-hydroxy ends. Terminal deoxynucleotidyl transferase (TdT), used in the TUNEL assay, efficiently labels the 3'-hydroxy ends of DNA in cells undergoing apoptosis [5, 12] . Also, in a similar method, termed in situ end labeling (ISEL) assay, 3'-hydroxy ends are labeled using DNA polymerase, or klenow [8] . These methods are widely used in the detection of DNA fragmentation in individual apoptotic cells.
The comet assay is a technique for detecting fragmented DNA at the level of the individual cell. It was originally developed for the detection of alkali-labile sites, ssbs and dsbs, which were induced either by genotoxic agents or by radiation, or for detecting the influence of environmental mutagens. The migration pattern of the nucleus observed in this method has the appearance of a comet, and the fluorescent intensity and length of its tail are correlated to the number of DNA strand breaks which have been induced by radiation or chemical substances. Therefore, this method is used for the evaluation of various genotoxic agents [13] . Furthermore, it is considered that this method could be used for detecting DNA fragmentation in an apoptotic cell [20] . As the frequency of occurrence of apoptosis increases, the tail moment and tail length, which are parameters correlated to the degree of DNA damage measured by the comet assay, both increase [11, 14] . In practice, an image of a different type from the normal comet image is observed [24] . Therefore, the comet assay can be used to detect a cell undergoing apoptosis [6] .
However, in many studies, the frequency of appearance of apoptotic cells using the comet and the other assay was compared [4, 9, 16, 31] , the image of a different type from normal comet image is not directly proved to be a cell undergoing apoptosis.
Therefore, in this study, we compared the frequency of appearance of apoptotic cells using the comet and the TUNEL assay based on the detection of DNA fragmentation and conducted simultaneously the comet assay and immuno-chemical staining. Then, we attempted to directly identify the cells undergoing apoptosis, which form the characteristic image in the comet assay.
MATERIALS AND METHODS
Cell culture: CHO-K1 and L5178Y cells (RIKEN GENE BANK, Japan) were derived from Chinese hamster ovary and mouse leukemia, respectively. The CHO-K1 cells were grown in Ham's F12 medium (Sigma, St. Louis, U.S.A.) supplemented with 10% fetal bovine serum (FBS) (Nichirei, Tokyo, Japan) and 0.1 mg/ml kanamycin in 10 cm diameter culture dishes. L5178Y cells were grown in RPMI (Sigma) medium supplemented with 10% FBS and 0.1 mg/ml kanamycin in 10 cm diameter culture dishes. Cells were incubated at 37°C in a humidified atmosphere of 5% CO 2 and 95% air.
Irradiation: Cells were irradiated using a
60
Co source at a dose rate of 2.0 Gy/min. Dose was measured with thermoluminescent dosimeter. The cells were removed from the culture dishes using 0.05% trypsin and suspended at a density of 1 × 10 5 cell/ml with the medium in a tube. Cells suspended with the medium were irradiated at room temperature, and were re-incubated at 37°C immediately after irradiation.
Comet assay: Cells were re-suspended in phosphate-buffered saline (PBS, pH 7.4). Seventy-five µl of 1% agarose GP-42 (Nacalai Tesque, Kyoto, Japan) was quickly layered on slide glasses and covered with another slide. The sandwiched slide glasses were placed on ice to allow the agarose to gel. The cell suspension was mixed 1:1 (volume/volume) with 2% agarose-LGT GP-42 (Nacalai Tesque), and 75 µl of the cell mixture was quickly layered in the same manner after the removal of the covering slide glasses. Finally, 75 µl of agarose GP-42 was again quickly layered on top. The slide glasses were placed immediately in a chilled nucleus lysing solution of 2.5 M sodium chloride (NaCl), 100 mM ethylenediamine tetraacetic acid tetrasod ium salt (Na 4 EDTA), 1% sarkosyl, 10% dimethyl sulfocide (DMSO), and 1% Triton X-100 and kept at 4°C in the dark for 60 min.
The slides were placed on a horizontal gel electrophoresis platform and covered with a chilled neutral solution consisting of 90 mM Tris, 2 mM ethylenediamine tetraacetic acid disodium salt (Na 2 EDTA) and 90 mM boric acid (pH 8) for 1 hr. Electrophoresis was conducted at 4°C in the dark for 30 min at 25 V (0.89 V/cm). The slide glasses were washed with 300 mM sodium hydroxide (NaOH) and 1 mM Na 2 EDTA and then rinsed gently with 400 mM Tris (pH 7.5) to neutralize the excess alkali.
Each dried gel sample was stained with 20 µg/ml ethidium bromide and covered with a coverslip. Using a fluorescence microscope equipped with a green filter (Olympus, Tokyo), the frequency of apoptotic cells was detected by scoring apoptotic comets and non-apoptotic comets. About 500 cell were scored and experiments were repeated at least three times.
TUNEL assay: Cells were resuspended in PBS and were fixed for 15 min on ice with 1% buffered paraformaldehyde in PBS. Cells were dried on the slides and were stained with the ApopTag kit (Intergen, N.Y., U.S.A.). The slides were rehydrated in PBS and treated with TdT buffer (7 µl of TdT reaction buffer, 3 µl of TdT, 10 µl of equilibration buffer) for 60 min at 37°C in a humidified chamber. Peroxidaseconjugated anti-digoxigenin antibodies were added for 30 min at room temperature in a humidified chamber followed by washing with PBS buffer. The slides were stained by diaminobenzidine (DAB) solution and counterstained in 0.5% methyl green. The samples were examined by light microscopy. About 1,000 cells were scored and experiments were repeated at least three times.
Combined assay (Comet assay and TUNEL assay): Cells embedded in agarose gel were prepared as described above. Samples were treated with lysing solution and electrophoresis was performed. The samples were washed with alkaline solution and then rinsed gently with Tris buffer to neutralize the excess alkali. Air dried agarose gels were labeled with digoxigenin-dUTP using klenow (1 U/slide, Boehriger Mannheim, Tokyo) at 37°C for 60 min, followed by washing with PBS. The agarose gels were stained with ApopTag kit (Intergen) for 60 min at 37°C in a humidified chamber. After washing the agarose gels with PBS, Fluorescein isothiocyanate (FITC)-conjugated anti-digoxigenin antibodies were added for 60 min at room temperature. The agarose gels were washed with PBS, stained with 0.5 µg/ml 4'-6-diamidino-2-phenylindole (DAPI) and covered with a coverslip. Fluorescence images were observed using a fluorescence microscope (Olympus) and were collected with digital camera (Olympus).
RESULTS
DNA damage can be estimated in individual cells by the comet assay. Figure 1 is a photograph of a comet observed 24 hr following irradiation with gamma rays (8 Gy). The photograph in Fig. 1 shows a typical image of a migrated cell nucleus with DNA strand breaks. The lower image in Fig. 1 shows that a small portion of the DNA remained at the origin, and that the greater portion of the DNA has fragmented and has migrated sufficiently to make the tail. This characteristic image is called a teardrop, pear-shaped, or large fan-like tail [3, 16, 20, 22, 34] . It is understood that this finely cut, spread, migrated DNA is indicative of an apoptotic cell. In this paper we refer to this image as an apoptotic comet.
The frequency of appearance of apoptotic comets and TUNEL positive cells was detected using the comet method and the TUNEL assay which is recognized method for detecting apoptotic cells. These were carried out using CHO-KI cells at 24, 48, and 72 hr following gamma irradiation (8 Gy). Figure 2 shows the frequency of appearance of apoptosis versus time when using both the comet method and the TUNEL assay following irradiation. When analyzing by the TUNEL assay, the frequency of appearance of apoptosis increased significantly over time. However, when analyzing by the comet assay, the frequency of appearance of apoptosis increased significantly less, by only approximately 1.5% at 72 hr following irradiation. For both methods, the frequency of appearance of apoptotic cells was approximately the same at 24 hr after irradiation. However, significant differences in the results were observed between the two methods at 48 and 72 hr after irradiation. We next measured the frequency of appearance of apoptosis by both the TUNEL assay and the comet assay on L5178Y cells, which have previously been observed to display the typical ladder pattern of apoptotic cells, from 24 hr to 96 hr after irradiation [33] . Figure 3 presents the frequency of appear- at 24 hr after exposure to 8 Gy gamma radiation. The comet images were stained with 4'-6-diamidino-2-phenylindole (DAPI) and were observed with a DAPI emission filter. The upper cell represents a normal comet image. The lower cell is considered to be an image of a typical comet undergoing apoptosis that has a small head and a spread tail. This image is called an apoptotic comet. 
A B
ance of apoptosis at 48 hr following gamma irradiation (4 Gy). The frequency of appearance of apoptosis was 10% when measured by the TUNEL assay, but was only 1%, at most, when measured by the comet assay. With L5178Y, the frequency of appearance of apoptosis was considerably different. With the comet assay, the frequency of appearance of apoptosis was lower than observed with the TUNEL assay.
If the characteristic apoptotic comet detected by the comet assay corresponds to an apoptotic cell, then that comet should be TUNEL positive. So we experimented to see if the apoptotic comet would be directly stained by the TUNEL assay. The agarose gel was dried after electrophoresis, and was then stained with FITC using TdT and klenow. DAPI was used for Counterstaining. DAPI was stained blue, and FITC was stained green in this experiment. Figure 4A was observed using an emission filter for DAPI, and Fig. 4B was observed using an emission filter for FITC. When we observed the gel using the emission filter for DAPI, we observed both normal comets and apoptotic comet. On the other hand, when we observed the gel using the emission filter for FITC, the apoptotic comet was stained by FITC but the normal comets were not stained by FITC. When the comet assay and the TUNEL assay were combined, the apoptotic comets were stained by FITC. This result indicates that this method cannot detect all apoptotic cells. However, it was confirmed that the apoptotic comets detected in the comet assay corresponded to apoptotic cells.
DISCUSSION
The comet assay is available as a means of detecting DNA damage in individual cells. In apoptotic cells there are approximately 60,000 DNA strand breaks generated per cell [22] . With the comet assay, 100 DNA strand breaks per cell are generally sufficient for DNA damage to be detected [25] . For this reason, it is predicted that the many DNA fragments in an apoptotic cell would facilitate detection by the comet assay. Now the characteristic image in comet assay as described above is regard as an apoptotic cell.
However, this study has shown that the frequency of appearance of apoptosis by the comet assay when compared to the TUNEL assay did not match.
The DNA of cells undergoing apoptosis is initially cut to fragments sized approximately 50 kbp to 300 kbp. These are then cut further into fragments of 200 bp [10] and it is common to utilize the characteristic ladder pattern observed in agarose gel electrophoresis as a method for detecting DNA fragmentation. The comet assay can detect DNA fragments of size 50 kbp, but cannot detect the smaller fragments of approximately 200 bp [30] . The tail will disappear since such small fragments of DNA diffuse in the agarose gel and exhibit greater migration during electrophoresis [21] . For this reason, the DNA fragments that contribute to the presentation of the ladder pattern cannot be observed by the comet assay. In other words, the apoptotic cell is undetectable once it has advanced to the later stages of apoptosis.
Furthermore, the translocation of phosphatidylserine to the cell membrane is one of the indicators of apoptosis in cells. Apoptotic cells can be detected using the binding of Annexin V to the exposed portion of phosphatidylserine [26] . An experimental system was developed which detects the translocation of phosphatidylserine, and simultaneously determines DNA damage by the comet assay [2] . It is understood that a cell is labeled by propidium iodide (PI) when the membrane becomes permeable after cell death. A cell that is positive for both PI and for Annexin V is a necrotic cell, while a cell that is negative for PI but positive for Annexin V is an apoptotic cell. When the comet assay was used on cells of the apoptosis fraction that were Annexin V positive and PI negative, apoptotic comets were not only observed but also condensed particles, called remnants, were also observed [2] . The remnants were the residue remaining after diffusion of most of the DNA by cytolysis or electrophoresis, leaving part of the nuclear matrix. Consequently, in the comet assay, the cells presenting as apoptotic comets do not represent all of the apoptotic cells, so this method underestimates the frequency of appearance of apoptotic cells.
Recently, a diffusion assay, which is a method designed to prevent migration of DNA fragments by omitting electrophoresis, was developed. In this method, DNA fragments diffused inside an agarose gel during cytolysis and the apoptotic cells presented a halo pattern that is different from that of non-apoptotic cells. The frequency of appearance of apoptotic cells by morphological assay was similar to the frequency of appearance of cells presenting with the halo, over a period of time [28, 29] .
Furthermore, flow cytometry is also frequently used as a technique for detecting apoptotic cells [23] . Apoptotic cells stained with DNA-binding dyes decrease in fluorescent intensity as the DNA was fragmented. When the frequency of apoptosis over time was compared using flow cytometry and the comet assay, the apoptotic comets appeared at an earlier stage than the detection of apoptosis by flow cytometry [10, 23] . Moreover, the translocation of phosphatidylserine is an early reaction in advanced apoptosis. The frequency of appearance of apoptotic comets, and Annexin V reactivity, were shown to increase correspondingly [9] , or DNA fragmentation precedes Annexin V reactivity [1] . Consequently, the apoptotic comet observed in the comet assay appears at an early stage of apoptosis.
Therefore, this study has shown that the frequency of appearance of TUNEL-positive cells and apoptotic comet cells did not match after 48 and 72 hr following irradiation and that the apoptotic comet occurred at a lower frequency than TUNEL-positive cells.
Recently, there have been reports of immuno-chemical staining directly onto the comet image, and hybridization techniques have been conducted on the comet image using suitable probes, including probes from all genomes [18, 27] . By combining the comet assay and fluorescence in situ hybridization (FISH), structural analysis of the nucleus became possible, as well as examination of the break and repair of regions of specific sequences in individual cells. Also, there has been success to directly label the site of the DNA strand breaks induced by hydrogen peroxide (H 2 O 2 ) in the comet image using the TdT [15] .
We labeled apoptotic DNA fragments on the comet image using the TdT to conduct direct immuno-chemical staining. In this experiment, insufficient signals were observed in the comet images from the TdT alone. By pretreatment with klenow, signals from FITC were observed in the images appearing as apoptotic comets, and signals from FITC were not observed in the images appearing as normal comets. This study proved directly that the apoptotic comets contain DNA fragments with 3'-hydroxy ends, which are generated as cells undergo apoptosis, further demonstrating that the image of the apoptotic comet corresponds to apoptotic cells.
With an apoptotic comet, DNA fragments diffuse within the agarose gel and migrate a significant distance under electrophoresis [24] . For this reason, an apoptotic comet exhibits a lower fluorescent intensity than a cell with nonapoptotic DNA damage, even if the apoptotic comet has been stained with DNA-binding dyes [19] . This would indicate that because the superstructure of DNA dose not completely unwind in a cell with non-apoptotic DNA damage, such as DNA damage induced by H 2 O 2 , TUNEL staining of comet appear as bright clump [15] . To the contrary, the superstructure of DNA almost unwinds and various DNA fragments contain in apoptotic cells. Thus it was considered that FITC signal was observed throughout apoptotic comet image.
Although both the comet assay and the TUNEL assay detect DNA strand breaks, it is considered that the comet assay has greater specificity at the molecular level. Nonspecific DNA strand breaks which the enzyme of the TUNEL assay can not label, can be detected during the unwinding of chromatin and migration under electrophoresis using the comet assay [9] . It was understood that the signal of FITC could not be fully detected by using the TdT alone, even though the TdT with a high efficiency label was used [12] .
However, the FITC signal in each apoptotic comet could be observed by conducting pretreatment with klenow. This combined technique labeled not only the 3' overhang ends and the blunt 3'-hydroxy ends of the DNA breaks in apoptotic cells, but also the 5' overhang ends which were labeled using klenow. Furthermore, when the 5' overhang end is labeled with nucleotide by klenow, it is changed to a blunt end. It is understood that this blunt end is labeled more efficiently by TdT. In other words, the FITC signal increases as many nucleotides in the apoptotic comet are labeled.
When apoptosis occurs in tumor tissue in vivo, because the cells in later stages of apoptosis are removed from the tumor tissue by phagocytosis, it is nearly impossible to detect apoptotic cells. So it is important to be able to detect the early stages of apoptosis in vivo. Though it is difficult to distinguish apoptotic cells and non-apoptotic cells with morphological assay, it is easy to distinguish with the comet assay. This indicates that not only can DNA damage and repair be measured, but also early apoptosis in vivo can be observed with good specificity with the comet assay.
In conclusion, not all apoptotic cells are detectable by the comet assay. However, we have shown that the apoptotic comets observed by the comet assay are apoptotic cells.
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